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Supplementary text
Section S1. Experimental section S1.1. Nanoparticle synthesis Dodecylamine-capped gold seeds 2-4 nm in diameter were prepared by combining and briefly sonicating 47.2 mg of HAuCl4•3 H2O (0.12 mmol, 1 eq.), 13.2 ml of toluene, 444.2 mg of dodecyl amine (2.396 mmol, 20 eq.), and 554.2 mg of N, N-didodecyl-N,N-dimethylammonium bromide (1.198 mmol, 10 eq.) . A separate solution contained 117.1 mg of tetrabutylammonium borohydride (0.455 mmol, 3.8 eq.), 221.7 mg of N, N-didodecyl-N,N-dimethylammonium bromide (0.479 mmol, 4 eq.) , and 5.7 ml of toluene.
The solution was sonicated until it became homogeneous. The solution containing the borohydride was rapidly injected into the solution containing the gold salt. The color changed rapidly to dark purple and the reaction was stirred at room temperature overnight. The solution thus prepared contained gold "seed" NPs.
To grow Au NPs to 5.6 nm, a solution was prepared containing 446.1 mg of HAuCl4•3 H2O
(1 mmol, 1 eq.) 5.248 g of dodecylamine (28.306 mmol, 25 eq.), 2.095 g of N,Ndidodecyl-N,N-dimethylammonium bromide (4.529 mmol, 4 eq.), and 113.4 ml of toluene.
The solution was sonicated until it became homogeneous. To this gold salt solution, the entire gold seed solution was added. In a separate vial, a solution of 289.9 mg of anhydrous hydrazine (9.059 mmol, 8 eq.) and 2.095 g N, N-didodecyl-N,N-dimethylammonium (4.529 mmol, 4 eq.) in 43.8 ml of toluene was prepared by sonication. The hydrazine solution was added dropwise to the gold solution over 30 minutes. The color gradually became a more intense purple over 30 minutes. The reaction was stirred at room temperature overnight. section S1.2. Surface functionalization of AuNPs Dodecylamine ligands capping the 5.6 nm gold NPs were exchanged with the TMA thiol by first precipitating the NPs from the toluene solution. To precipitate the NPs, a volume of methanol equal to the volume of toluene was added to the toluene solution. Once the NPs precipitated, the toluene solution was decanted, leaving behind a purple solid. The solid was redispersed in 30 ml of toluene and a TMA thiol-containing solution was immediately added.
This solution contained 134 mg of TMA thiol (0.5 mmol, 0.4 eq.) and 20 ml dichloromethane.
Ligand exchange was allowed to proceed for 3 hrs, during which time the NPs precipitated.
The NPs were rinsed three times with 30 ml of dichloromethane. The purified NPs were subsequently dispersed in 5 ml of methanol and filtered through a 0.2 μm PVDF syringe filter. This solution was used directly to prepare devices.
section S1.3. Capacitance of CNT/graphene composites and Au electrodes
To compare the capacitances of CNT/graphene and Au electrodes, two-electrode devices were fabricated with a CNT/graphene||CNT/graphene and an Au||Au configuration. The electrodes were separated by a 0.22 μm porous hydrophilic PTFE film and the devices were tested in a 6 M KOH aqueous electrolyte solution. CNT/graphene electrodes had a much higher capacitance compared to Au (fig. S1, C and D). Specifically, the capacitance of the CNT/graphene||CNT/graphene capacitor was as high as 43.9 F g -1 (calculated by = 2 ∆ ⁄ , , capacitance; , area; , scan rate; ∆ , bias range; , mass, ~0.028 mg) and, consequently the characteristic capacitance of a single CNT/graphene electrode was 175.6 F g -1 (or 6.33 mF cm -2 ), which is similar to other reports (11, 30) . On the other hand, the capacitance of the gold electrode was ca. two orders of magnitude smaller, 127 μF cm -2 , in agreement with previous reports for mesoporous gold(31). It should be noted that the measured capacitances were all electric double-layer capacitances (EDLC) where the charging and/or discharging processes were very fast and reversible ( fig. S1D ).
section S1.4. Electrical properties and thickness of CNT/graphene electrodes
Sheet resistance measurements of CNT/graphene electrodes were performed using a fourpoint-probe (RTS-9) technique. The conductivity of these films is as high as ~200 S cm -1 which is several orders of magnitude higher than that of TMA AuNP layers. The thickness of CNT/graphene films was characterized by using profilometry. 
where is the concentration of the i-th charged species carrying charge , is the position-dependent diffusion coefficient, is the electrostatic potential, and the constant β = 1/kBT is the inverse Boltzmann energy where kB is the Boltzmann constant and T is the absolute temperature. We assumed that the dielectric permittivity is constant in the entire NP layer. is the vacuum dielectric constant and the relative dielectric constant is set as 4.5(7). A no-flux boundary condition at the surface of the Au electrode prevents ions from penetrating this electrode (i.e., ion flux is zero at x = L). However, ions can diffuse into the CNT/graphene electrode because of its porous and capacitive characteristics. In addition, we assumed that the CNT/graphene electrode is equipotential (12). As ions move into the CNT/graphene electrode, they diffuse freely in response to concentration gradients without electric fields. Therefore, for the transport of charged species i through the CNT/graphene electrode, the governing equations become the free-diffusion equation
With these preliminaries, the dimensionless form of the coupling equations (1-3) can be written as
where the normalized concentration, time, length, and potential of species i are , , , and respectively. The model parameters include initial concentrations , diffusion coefficients , the metallic NP layer thickness L, and . For the initial and boundary conditions, the bias applied to the system, is given by the potential difference along the NP film. Electron concentrations on the electrode boundaries are set as their bulk values. The distributions of ions are initially spatially uniform.
The coupling equations (4-6) were solved by using a commercial finite element solver (COMSOL 5.1). When a positive bias was placed on the CNT/graphene electrode, chloride anions migrated and diffused into this electrode because of its porous and capacitive characteristics (Fig. 4A) . In order to maintain charge neutrality, the electron concentration increased as more anions were depleted from the NPs (Fig. 4C and fig. S5A ). In contrast, when a positive bias was placed on the Au electrode, chloride anions were not able to enter the Au electrode and only accumulated on its surface (Fig. 4B) . The asymmetric movement

of ions generated distinct distributions of ni, ne, , and at steady state and, consequently, influenced the electrons tunneling and/or hopping across the metallic NP layer (Fig. 4 and fig.   S5 ).
Because the characteristic capacitance of the CNT/graphene layer is constant, change in its thickness can change the number of ions diffused into this porous film, generating distinct ion ( ) and electron ( ) gradients in the NP layer ( fig. S6, A and B) . These gradients are then translated into potentials ( ) and fields ( ) that influence the electrons' transport ( fig. S6, C to F).
section S2.2. Simmons model
A Simmons model was used to quantify the tunneling current density through a barrier between two adjacent NP cores (16). For NPs capped with charged polar groups (TMA), the energy of bridge states is ~2 eV lower compared to neutral alkylthiols (32-34), which present a large tunneling barrier of ~4-5 eV, corresponding a HOMO-LUMO gap of ~8-10 eV (35, 36) . By applying a positive bias on the Au electrode, the barrier height is reduced by eV1
( 1 ′ = 1 − ∆ 1 , V1 is the potential difference of two adjacent NP cores). When Cl − anions are depleted, to maintain local charge neutrality, the motions of electrons need to be coupled with those of Cl − migration and barrier height () is ~1 eV lower due to the formation of stabilized polaron-like states; the degree of energetic stabilization of such polarons via nuclear reorganization (in the presence of electrons) is estimated at ~1 eV (37). Upon applying positive bias to the CNT/graphene electrode, the barrier height decreases further to 2 ′ ( 2 ′ = 2 − ∆ 2 ).V2 is larger than V1 (see Fig. 4D ), and consequently, the probability of electrons tunneling across metallic NPs is higher when Cl − anions are depleted.
Note: we discussed two extreme conditions with and without Cl − anions in between. For the devices in this paper, a positive bias placed on CNT/graphene electrode generates statistically more Cl − vacancies (see Fig. 4 , A and B, and fig. S6A ), and therefore, lower barrier height. 
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